Introduction
============

Chronic obstructive pulmonary disease (COPD) is characterised by fixed airway obstruction associated with abnormal inflammation of the airways that occurs in susceptible subjects exposed to noxious particles or gases, most frequently cigarette smoke. The clinical history of COPD is punctuated by recurrent acute exacerbations --- episodes of acute onset of worsening of the patient\'s clinical status, characterised by dyspnea, wheeze, cough or sputum production \[[@bib1]\]. Besides acute clinical presentation, assessment of the severity of the exacerbation is also based on a patient\'s medical history before the exacerbation (including severity of airway obstruction), pre-existing co-morbidities, duration and magnitude of symptoms, physical examination and arterial blood gas measurement. Acute exacerbations are a common occurrence in COPD patients and the frequency of exacerbations increases with the severity of the disease \[[@bib2], [@bib3], [@bib4]\]. In addition to being the major cause of COPD-associated morbidity and mortality, exacerbations contribute to impaired health status, loss of lung function \[[@bib3], [@bib5], [@bib6]\], and thus to disease progression. It has been estimated that acute exacerbations are also the cause of ∼70% of health-care costs associated with COPD \[[@bib7]\].

Thanks to the development of highly sensitive diagnostic tools, there is now evidence that not only bacterial but also viral infections are major causes of COPD exacerbations ([Table 1](#tbl1){ref-type="table"} ). Although several mechanisms have been proposed to explain how bacterial infection can trigger COPD exacerbations (including induction of mucus hypersecretion \[[@bib8]\], reduction of ciliary beat frequency \[[@bib9]\] and enhancement of neutrophilic inflammation \[[@bib10]\]), very few data are available on the pathogenesis of virus-induced exacerbations.Table 1Pathogens identified at COPD exacerbations and methods used for their detection.PathogenMethod**Extracellular bacteria***H. influenzae*Sputum and bronchial secretion cultures*S. pneumoniaeM. catarrhalisStaphylococcus aureusP. aeruginosa***Viruses**RhinovirusInfluenzaParainfluenzaPCRCoronavirusCell culturesAdenovirusSerologyRespiratory syncytial virusPicornavirusMetapneumovirus**Intracellular bacteria***Mycoplasma pneumoniae*Serology*Chlamydia pneumoniae*PCR[^1]

Bronchodilators, corticosteroids and, when indicated, antibiotics represent the currently recommended pharmacological treatment for COPD exacerbations. To date, no treatment has been evaluated/designed specifically to prevent or treat virus-induced COPD exacerbations \[[@bib1]\]. Thus, the development of models of virus-induced COPD exacerbations is a fundamental step towards increasing our knowledge of the relevant pathogenetic mechanisms, as well as providing an invaluable tool with which to identify and test novel pharmacological targets.

In our current review, we briefly review the data currently available on the role of respiratory viruses in COPD exacerbations. We focus particularly on *in vitro* and *in vivo* models of virus-induced COPD exacerbations.

Virus infection in COPD
=======================

COPD exacerbations are associated with an increased number of activated inflammatory cells in the airways \[[@bib11]\]. Chronic inflammation in COPD is characterized by increased numbers of CD8^+^ T lymphocytes infiltrating both central \[[@bib12]\] and peripheral airways \[[@bib13]\], which are then further increased upon exacerbation \[[@bib14]\].

Among the possible causes of CD8^+^ recruitment to the airways, chronic viral infection has been suggested as being particularly important, and attention has been given to the possible role of latent adenoviral infection in the pathogenesis of COPD \[[@bib15], [@bib16]\]. Recently, it has been documented that COPD patients with repeated presence of respiratory syncytial virus in sputum over two years had faster lung function decline over time \[[@bib17]\]. Taken together, these data indicate that, in response to repeated/latent viral infections, an excessive recruitment of CD8^+^ T lymphocytes might occur in the tracheo-bronchial tree. This CD8^+^-driven inflammation can damage the lung in susceptible smokers, leading to COPD progression \[[@bib18]\]. The use of highly sensitivity diagnostic methods such as PCR for viral detection in biological samples has shown that the proportion of virus-induced COPD exacerbations is likely to be ≥ 40% in an outpatient setting \[[@bib19]\] and ≥ 50% in hospitalised patients \[[@bib20], [@bib21]\], with rhinoviruses being the most frequently identified virus type.

A recent study has addressed the relative importance of viral versus bacterial infections in the aetiology of severe (hospitalised) COPD exacerbations \[[@bib21]\]. Viral and/or bacterial infection was detected in approximately 78% of COPD exacerbations (29.7% bacterial; 23.4% viral; 25% viral/bacterial co-infection). Infectious exacerbations led to longer hospitalisations and greater impairments of several measures of lung function than did non-infectious exacerbations. Importantly, exacerbations with co-infection resulted in more marked lung function impairment and longer hospitalisations. Similarly, in an outpatient setting of COPD exacerbations, a greater decline in lung function was documented in those patients in which both bacterial infection and cold symptoms were present simultaneously \[[@bib19]\].

Mechanisms of virus-induced COPD exacerbations
==============================================

Our understanding of the mechanisms of virus-associated asthma exacerbations is relatively poor \[[@bib22]\], and even less is known about the pathogenesis of virus-associated COPD exacerbations.

Inflammatory mechanisms
-----------------------

During COPD exacerbations, several inflammatory mediators are increased in the airways. However, little is known about the inflammatory mediators specific to virus-induced COPD exacerbations. One study found increased sputum interleukin (IL)-6 in virus-associated acute episodes when compared to non-viral exacerbations \[[@bib23]\]. Recently, the presence of both rhinovirus and *Haemophilus influenzae* at exacerbation has been associated with increased levels of serum IL-6, suggesting that viruses and bacteria can synergistically interact to increase the severity of inflammation that occurs during exacerbations \[[@bib19]\].

The major group of rhinoviruses (accounting for 90% of total rhinovirus types) attaches to airway epithelium through intercellular adhesion molecule 1 (ICAM-1) \[[@bib24]\]. Interestingly, rhinovirus infection induces expression of its own receptor (ICAM-1) \[[@bib25], [@bib26]\], which might promote inflammatory cell recruitment and activation. Indeed, there is evidence for upregulation of ICAM-1 in the bronchial mucosa of patients with chronic bronchitis \[[@bib27]\], and thus one of the possible mechanisms for increased airway inflammation is rhinovirus-induced lower airway inflammation, which could occur via upregulation of ICAM-1.

Cellular mechanisms
-------------------

The nature of the inflammatory cells recruited to the lung during COPD exacerbations has not been fully clarified. Few studies have analysed bronchial biopsies at exacerbations because of the difficulties associated with performing an invasive procedure in acutely ill patients. Two studies using bronchial biopsies during exacerbations of chronic bronchitis from a single cohort of patients reported prominent airway eosinophilia, together with increased numbers of neutrophils and T lymphocytes, in the exacerbated group when compared with stable patients \[[@bib28], [@bib29]\]. Another recent study showed increased number of neutrophils in sputum during exacerbations; this increase was independent of the pathogen detected. The same study documented that virus-induced COPD exacerbations, with or without concomitant bacterial infection, are associated with increased numbers of eosinophils in sputum, suggesting that sputum eosinophilia could be a marker of viral infection during COPD exacerbations \[[@bib21]\].

Interestingly, increased numbers of sputum CD8^+^ T lymphocytes have been reported during COPD exacerbations, with a relative reduction in the ratio of interferon (IFN)-γ/IL-4-expressing CD8^+^ T lymphocytes \[[@bib14]\]. Thus, a switch towards a Th2 phenotype immune response during exacerbation could be one of the potential mechanisms involved in the recruitment of eosinophils, a classical Th2 effector cell, during virus-induced COPD exacerbations.

Susceptibility to virus infections in COPD patients
===================================================

Whether COPD patients are more susceptible to virus infection compared with normal subjects is strongly debated. A recent study documented that patients with frequent COPD exacerbations have more frequent episodes of naturally occurring colds when compared with patients with infrequent exacerbations \[[@bib30]\]. These results suggest that COPD subjects with frequent exacerbations represent a subgroup particularly susceptible to viral infections. Thus, although there is solid evidence of impaired innate \[[@bib31], [@bib32]\] and (possibly) acquired \[[@bib33], [@bib34]\] immune responses to viral infection in asthmatic patients, it is not yet clear whether COPD patients have increased susceptibility to viral infections. Intriguingly, patients experiencing frequent colds had a significantly higher exposure to cigarette smoke \[[@bib30]\]. Using a mouse model of cigarette smoke exposure, it has been recently demonstrated that cigarette smoke increases susceptibility to viral infections, possibly via alteration and/or inhibition of immune responses \[[@bib35]\]. Therefore, we could speculate that cigarette smoke exposure, which is the most important risk factor for the development of COPD, might cause impaired immune response to viral infections in COPD patients.

Another mechanism that might lead to increased susceptibility to viral infections is the upregulation of ICAM-1, the receptor for the major group of human rhinoviruses. Latent expression of adenoviral E1A protein in alveolar epithelial cells of patients with emphysema increases ICAM-1 expression, which could explain the greater susceptibility to rhinovirus infection in COPD \[[@bib16]\]. Solid evidence shows that patients with COPD are chronically colonized with airway bacteria, and the bacterial load is related to airway inflammation and disease progression \[[@bib36]\]. It has been postulated that bacterial colonisation contributes to increased susceptibility to viral infection in COPD patients, for example, by increasing ICAM-1 expression in bronchial epithelial cells, either directly or through induced inflammation \[[@bib37]\].

Further studies are required to investigate the interaction between chronic bacterial colonisation and respiratory viral infection and, in particular, whether chronic bacterial colonisation can increase susceptibility to viral infection or *vice versa*.

*In vivo* model of virus-induced COPD exacerbation
==================================================

*In vitro* respiratory virus infection of both bronchial epithelial cells \[[@bib26], [@bib38], [@bib39]\] and macrophages \[[@bib40]\] induces the production of several pro-inflammatory molecules relevant to the pathogenesis of COPD exacerbation. However, although *in vitro* models can provide important insights into the molecular mechanisms of inflammatory and antiviral responses to viral and bacterial infections, any such insights require validation in *in vivo* models. At present, there is no published animal model of COPD exacerbation for either virus-associated or bacteria-induced COPD exacerbations, and thus we rely exclusively on human studies for what little data we have available to date.

Performing studies of naturally occurring COPD exacerbations has proved difficult for several reasons, including non-reporting of exacerbations by patients, lack of baseline data before exacerbations, wide variation in etiology, variation in timing of sampling relative to onset of exacerbation and, finally, the difficulty of carrying out invasive airway investigations in acutely unwell patients. One way to overcome these obstacles is the development of a human experimental model that would allow studies to take place under controlled conditions. The first step towards development of such a model has been realised recently \[[@bib41]\] with the reporting of the first study evaluating the effects of an experimental viral infection in COPD patients.

In this pilot study, mild COPD patients were selected for experimental infection with the purpose of, firstly, evaluating whether the procedure is safe in COPD patients and, secondly, providing preliminary data on whether experimental rhinovirus infection in COPD patients is sufficient to trigger exacerbations *per se*. As safety was the prime concern, a carefully designed rhinovirus dose-escalation study was performed in small groups of subjects (n=5) to determine the minimum dose of virus able to induce clinical colds in 80% of inoculated subjects (i.e. 4 out of 5). Surprisingly, all of the first four patients exposed to the initial lowest dose of rhinovirus inoculum experienced not only cold symptoms but also lower respiratory tract symptoms, including shortness of breath, wheeze, cough and increased sputum production (e.g. symptoms of COPD exacerbation) \[[@bib41]\]. Moreover, experimental rhinovirus infection induced a significant fall in lung function, typical of naturally occurring exacerbations \[[@bib42]\]. The severity of the exacerbations induced was mild-to-moderate, thus achieving the primary aim of the study --- to show that experimental rhinovirus infection could be safely carried out in mild COPD patients.

This model also showed that experimental rhinovirus infection can cause exacerbations in COPD patients and that, when performed using a larger number of patients and including assessment of lower airway inflammatory responses, has the potential to provide a valid model of naturally occurring COPD exacerbation. For COPD, this is, as yet, the only scenario in which a specific aetiology has been experimentally proven to induce exacerbation. This model offers the possibility to investigate the specific immunologic and inflammatory events that drive the transition from stable state to exacerbation after rhinovirus infection.

Two potentially important preliminary observations arose from this study: COPD patients developed colds and exacerbations with 100- to 1000-fold lower doses of virus than used in previous studies in asthmatic and normal volunteers; and there was a 3--4 day gap between the peak of cold symptoms and the peak of lower respiratory symptoms ([Figure 1](#fig1){ref-type="fig"} ) \[[@bib41]\]. These data suggest that COPD patients may be highly susceptible to virus infection and that, if an effective antiviral or anti-inflammatory treatment were given at the onset of cold symptoms, this might possibly change the clinical outcome of the infection in COPD. These preliminary findings clearly require confirmation with a larger number of patients.Figure 1Upper (URT) and lower respiratory tract (LRT) symptoms of COPD patients *in vivo* experimentally infected with rhinovirus. A 3- to 4-day gap between the peak of cold symptoms and the peak of lower respiratory symptoms was documented (modified from \[[@bib41]\]). These data suggest that, if an effective antiviral or anti-inflammatory treatment could be given at the onset of cold symptoms, this could possibly change the clinical outcome of the viral infection in COPD.

With a similar experimental model for asthmatic patients, we recently documented that the severity of the virus-induced exacerbations, both in terms of symptoms, lung function reduction and inflammation in the airways, was inversely related to the production of a novel class of interferon called IFN-λ \[[@bib32]\]. An impaired innate immune response might therefore be one of the mechanisms by which asthmatic patients shown increased susceptibility to respiratory viral infections. The new human model for virus-induced COPD exacerbation will give us the opportunity to test whether similar or different immune deficiencies are present in COPD and, if so, whether modulation and/or restoration of the immune response could represent an effective and novel pharmacological approach to treat or prevent COPD exacerbations.

The development of an experimental model in which causation is clearly defined, and in which detailed clinical studies on mechanisms of disease can be carried out, is a major step forward in our ability to perform studies aimed at increasing our understanding of this clinically relevant condition.

Treatment of COPD exacerbations: impact on virus-induced COPD exacerbations
===========================================================================

Bronchodilators are the gold standard for COPD treatment. When the disease is more severe, International Guidelines recommend combination therapy with bronchodilator and inhaled steroids \[[@bib1]\]. These therapeutic regimens have provided beneficial effects on symptom control in COPD patients, and there is also evidence that they can reduce the frequency of exacerbations \[[@bib43], [@bib44]\]. Nevertheless despite optimized therapy, exacerbations still occur.

The aims of COPD exacerbation management are to relieve symptoms and airway obstruction, to correct hypoxia and hypercapnia (when present), and to treat any precipitating factors and/or comorbidities. This involves a number of modalities of treatment including pharmacological therapies, oxygen therapy and, when indicated, mechanical ventilation. Inhaled bronchodilators and systemic corticosteroids have been shown to be beneficial during acute exacerbation of COPD \[[@bib45], [@bib46]\]. Conversely, the role and effectiveness of antibiotics in acute exacerbations of COPD are still debated. A recent meta-analysis supported the use of antibiotics in COPD exacerbation for those patients moderate-to-severely ill with increased cough and sputum purulence. Analysis restricted to community-based studies did not find any differences between antibiotic and placebo \[[@bib47]\]. However, surveys of antibiotic prescribing in COPD exacerbations in clinical practice indicate that they are used in the majority of exacerbations, both in the community and in hospital practice. Thus, a large number of patients are probably receiving inappropriate antibiotic therapy, with the associated increase in cost and risk of antibiotic resistance. Therefore, there is an urgent need to develop simple clinical or biological markers to identify those patients at highest risk of bacterial infection, as well as those who will benefit most from antibiotic therapy.

None of the clinical trials conduced so far have investigated whether currently available therapy for COPD can specifically prevent and/or treat virus-induced exacerbations. Thus, further studies are needed to elucidate the mechanisms that lead viral infections to trigger COPD exacerbations and thus to identify key inflammatory mediators and/or immunological pathways for the development of novel drugs able to treat and prevent acute episodes of COPD. Indeed, so far, anti-viral therapy has focused mainly on vaccination as the optimal prevention strategy, and subsequently the development of antiviral agents has lagged behind that of anti-bacterial chemotherapy. Vaccination might not be a realistic option for the treatment of respiratory viral infections in view of the variety of different viruses that cause similar clinical syndromes. Development of a vaccine for rhinoviruses is especially problematic because of the large number (\>100) of different serotypes. The recognition that rhinoviruses are associated with more severe clinical syndromes than just upper respiratory tract infections has stimulated research into anti-rhinoviral agents. A number of anti-rhinoviral drugs are in development but, to date, no agent has been approved for the treatment of rhinovirus infections \[[@bib48]\]. A specific strategy able to interfere with the pathogenesis of virus-induced exacerbations is the real future challenge.

Conclusions
===========

By 2020, it is expected that COPD will be the third greatest cause of death worldwide \[[@bib49]\], with the major morbidity, mortality and health-care costs of COPD being caused by exacerbations \[[@bib1]\]. Thanks to the use of novel and highly sensitive diagnostic tools, the role of respiratory viruses in COPD exacerbations has emerged during the past few years. Nevertheless, the mechanisms that lead to COPD exacerbations after respiratory virus infections are still largely unknown. The recent development of the first human model of virus-induced COPD exacerbation \[[@bib41]\], which has been demonstrated to be feasible and (so far) safe, should facilitate identification of novel pharmacological targets that will provide opportunities to develop new treatments for exacerbations of COPD.
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